A .J . D I NN IN G , I .S . I. AL -AD HA M , P . A U ST IN A ND P. J . C OL L IE R. 1998. Sodium pyrithione and zinc pyrithione (NaPT and ZnPT, respectively) are widely used as cosmetic preservatives and metal chelating agents. They are commonly assayed using thin layer chromatography (TLC) and high performance liquid chromatography (HPLC). However, a simple quantitative colorimetric assay has not been previously reported for these compounds. This paper describes the development of a spectrophotometric assay for the quantification of the pyrithiones which is based on the chelation of copper (II) ions by the biocides. This assay was developed in order to facilitate the determination of the distribution of these biocides in the Gram-negative bacteria Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548. Sodium pyrithione was exhibited only in the cytosol of E. coli and Ps. aeruginosa. Zinc pyrithione, however, was assayed in the cytosol of both bacteria and was found in the cell envelope of Ps. aeruginosa. These findings suggest that the pyrithione biocides are active within bacterial cells as well as at the cell membrane.
INTRODUCTION
Sodium pyrithione and zinc pyrithione (NaPT and ZnPT, respectively, also known as sodium and zinc omadine) are the sodium salt and zinc chelate of 1-hydroxypyridine-2-thione (hydroxypyrithione) (Shaw et al. 1950) . They are the most abundantly used of the pyrithione group of antimicrobial compounds (Hyde and Nelson 1984) and are widely applied in the cosmetics and fuel industries as preservatives (Cooney 1969 ; Neihof et al. 1979 ; Khattar et al. 1988 ; Khattar and Salt 1993) . Both NaPT and ZnPT exhibit excellent metal chelating properties (Davies 1985 ; Fenn and Alexander 1988) and ZnPT is the most utilized metal chelate of hydroxypyrithione (Imokawa and Okamoto 1982 ; Marks et al. 1985 ; Nakajima et al. 1993) . The behaviour of NaPT and ZnPT in solution enables transchelation to occur when these compounds are in the presence of transition metal ions (i.e. Cu 2¦ and Fe 3¦ ) (Edrissi et al. 1971) . The transchelation properties of the pyrithione biocides have aided the development of techniques for their assay by thin layer chromatography (TLC) (Seymour and Bailey 1981) and high performance liquid chromatography (HPLC) (Fenn and Alexander 1988 ; Nakajima et al. 1993) . The metal chelating properties of these biocides have also allowed their utilization in the estimation of metal content of ores in the metal purification industry (Edrissi et al. 1971) .
Despite the development of TLC and HPLC assay techniques for these compounds, there is a need for a rapid and cost-effective method for the determination of pyrithione concentrations within subcellular components. Literature survey reveals no evidence of an assay technique which may be rapidly deployed and utilized in the determination of pyrithione disposition in bacterial cells. This paper describes a spectrophotometric assay for NaPT and ZnPT based on the chelation of copper (II) ions by these biocides and subsequent use of this assay to determine the distribution of both NaPT and ZnPT in the Gram-negative bacteria Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548.
MATERIALS AND METHODS

Organisms
Cultures of Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548 were obtained from the National Collection of Industrial and Marine Bacteria (Aberdeen). Both organisms were grown on nutrient agar slopes (Oxoid CM1) at 37°C. After incubation, cultures were stored in a darkened cupboard at room temperature.
Assay development
Scanning spectrophotometry in the range of 250 nm to 400 nm (Perkin Elmer u.v./vis Scanning Spectrophotometer Lambda 2) was performed on a reaction mixture of an aliquot (1 ml) of either NaPT (64 mg ml −1 ) or ZnPT (64 mg ml −1 ) with 5·0 ml of an aqueous solution of copper chloride dihydrate (1 mmol l −1 ) in a test tube. The reactant mixture was incubated at room temperature for 5 min and transferred into a 1 cm path length u.v./vis cuvette. A reaction peak at a wavelength of 318 nm was observed (Fig. 1) . The peak of 318 nm was not observed for 1 mmol l −1 copper chloride dihydrate solution, which exhibited no spectral profile in the range used ( Fig. 1 ). Unreacted pyrithiones (64 mg ml −1 ) exhibited an indistinct shoulder at approximately 318 nm. This shoulder was shown to increase and develop into a distinct peak with the addition of increasing concentrations of copper chloride dihydrate solution (Fig. 1) . These results indicated that the 318 nm peak was sensitive to copper and could serve as a concentration-dependent marker for the presence of pyrithiones. This peak was used as the identification wavelength in a spectrophotometric assay of the disposition of pyrithiones in sub-cellular fractions of E. coli and Ps. aeruginosa.
Calibration curves of varying concentration of NaPT and ZnPT were created (Figs 2 and 3) using the following assay procedure. An aliquot (5 ml) of 1 mmol l −1 copper chloride dihydrate (aqueous) was added to 1 ml of biocide. For NaPT, the concentration range used was from 0 to 100 mg ml −1 in ) reacted with 5 ml of 1 mmol l −1 copper chloride dihydrate solution. Error bars are calculated from the standard error of the data set 10 mg ml −1 steps and for ZnPT, the concentration range was from 0 to 21 mg ml −1 in 3·0 mg ml −1 steps. Initial dissolution of pyrithiones was performed in dimethyl formamide (DMF) and further dilutions were performed in distilled water. Concentration ranges used were determined by the minimum inhibitory concentrations of these biocides against both E. coli and Ps. aeruginosa (Dinning et al. 1998a, in press ). The absorbance (318 nm) of the samples, blanked against 1 mmol l −1 copper chloride dihydrate solution, was recorded and plotted against the biocide concentration (Figs 2 and 3) . The assay of biocide in subcellular fractions followed the same procedure, replacing the biocide sample with 1 ml of subcellular fraction. The presence of a concentration-dependent L-shaped plateau at 318 nm necessitated the dilution of subcellular samples prior to the determination of NaPT concentration (Fig. 2) (Lawrence and Maier 1977) . A bacterial culture containing no biocide was treated in the same way as biocide exposed cells, using each subcellular fraction as a spectrophotometric blank.
Distribution of NaPT and ZnPT in subcellular fractions
A washed cell suspension was prepared from overnight bacterial cultures grown in 25 ml of nutrient broth (Oxoid CM1) in 100 ml Ehrlenmeyer flasks in an orbital incubator (200 oscillations min −1 , 37°C). The cells were harvested by centrifugation (3000 g for 10 min, IEC Centra-4R Centrifuge, International Equipment) and washed twice in sterile normal saline (0·9% w/v). After the final centrifugation, the washed cells were resuspended in sterile normal saline to an absorbance of 1·36 at 470 nm and divided into 10 ml aliquots. Concentrations of biocide equivalent to 90% of previously determined minimum inhibitory concentration values (Dinning et al. 1998a, in press) were then added to the cells. Cells of E. coli were exposed to 108 mg ml −1 NaPT and 4·05 mg ml −1 ZnPT, and cells of Ps. aeruginosa were exposed to 90 mg ml −1 NaPT and 11·7 mg ml −1 ZnPT. After incubation of the washed cells with biocide at room temperature for 5 min, 2·0 ml of the cell suspension was removed, centrifuged (6500 g for 1 min, Sanyo MSE Microcentaur Microfuge) and the supernatant fluid assayed for biocide content. The cells were resuspended in normal saline (10 ml) and homogenized (Ultra Turrax T8, S8N-5G, IKA Labortechnik). Cells of E. coli were homogenized for 10 min at a flow rate of 25 000 1 min −1 and Ps. aeruginosa was homogenized for 45 min at the same flow rate. An aliquot of homogenate was centrifuged at 6500 g for 1 min. The supernatant fluid was retained and the pellet (cell debris) was resuspended in normal saline and assayed for pyrithione content. The retained supernatant fluid was centrifuged for a further 10 min at 13 000 g. After centrifugation, the supernatant fluid (cytosol) was removed and assayed for pyrithione content. The pellet (cell envelope) was resuspended in normal saline (2·0 ml) and assayed for pyrithione content. This procedure was repeated for both ZnPT and NaPT against both E. coli and Ps. aeruginosa (Table 1) .
RESULTS
Figures 2 and 3 indicate that the assay for both pyrithiones follows a linear relationship over the concentration range used ----------------------------------------------------- ---------------------------------------------------- ------------------------------------------------------ in these experiments. The data from Table 1 
DISCUSSION
The colorimetric assay for the pyrithione biocides described here indicates that the pyrithione biocides enter the bacterial cytosol and that the entry of these compounds is not affected by the barrier properties of the bacterial cell envelope. The observation of entry of NaPT and ZnPT into the bacterial cytosol may also be indicative of part of the mode of action of these biocides. Previous work suggests that a membrane effect is elicited by both NaPT and ZnPT. This has been shown in both bacteria and fungi (Chandler and Segel 1978 ; Ermolayeva et al. 1995 ; Dinning et al. 1998b, in press ). However, from the assay, envelope-bound pyrithione is only observed in the case of Ps. aeruginosa exposed to ZnPT. This may indicate that the pyrithiones reversibly interact with the bacterial cell envelope and subsequently enter the cytosol without leaving any membrane-bound molecules behind. This suggests that the pyrithiones act at the membrane by chelation or salt formation with the metal cations which are present in the bacterial envelope (i.e. magnesium, calcium etc.) and subsequent passive diffusion of the pyrithionemetal chelates into the cytosol. Such an action would suggest that these compounds reversibly react with the phosphatidylethanolamine head groups of the bacterial phospholipids, as has been indicated by previous work in this laboratory (Dinning et al. 1998b, in press ).
The addition of the values in Table 1 indicates that the remaining levels of pyrithione inside the test organisms are greater than the applied pyrithione concentrations. This phenomenon may be explained as the result of some form of cellular partitioning of the pyrithione biocides. This suggests that the cells possess some chemical structures that form chelates or salts with the pyrithiones and facilitate their uptake into the cell.
In conclusion, this assay provides workers interested in the pyrithione biocides with a rapid and simple technique for their quantification in living systems. The entry of NaPT and ZnPT into the cytosol indicates that these biocides may act at more than one site in the bacterial cell and that they may possess an intracellular as well as a cell membrane associated mode of action.
